Free radical-induced oxidant stress has been implicated in ischemia and reperfusion-induced injury in the heart. A number of studies have reported that oxidant stress reduces the activity of isolated Na+,K+-ATPase enzyme. We have studied the effects of oxidant stress on the Na+-K+ pump current recorded in isolated rabbit ventricular myocytes using the whole-cell voltage-clamp technique. Singlet oxygen and superoxide were generated by the photoactivation of rose bengal (50 nM). The compositions of Tyrode's and pipette solutions were designed to block channel currents and electrogenic Na+-Ca2+ exchange. Cells were dialyzed with a pipette solution containing 30 mM sodium via wide-tipped (1-2-MU) electrodes, and outward Na+-K+ pump current was recorded during a voltage-ramp protocol. The validity of using such a ramp protocol was confirmed by comparison with steady-state Na+-K+ pump current measurements made at the end of 200-msec square-clamp steps. Active currents were abolished by potassium-free Tyrode's solution or ouabain (100 ELM), and Na+-K+ pump current was defined as the K.-sensitive fraction of recorded currents. The activation of Na+-K+ pump current by intracellular sodium and extracellular potassium revealed a concentration of potassium necessary for half-maximal activation of 18.7 mM for Nai and 1.88 mM for K. Oxidant stress inhibited Na+-K+ pump current at all voltages, such that after a 10-minute exposure to photoactivated rose bengal, Na+-K+ pump current measured at 0 mV was reduced by approximately 50%. The voltage dependence of Na+-K+ pump current was, however, not profoundly affected by oxidant stress. Passive membrane currents recorded in the absence of all major electrogenic ion channels, exchangers, or pumps were unaffected by oxidant stress. This observation suggests that, over the time course during which Na+-K+ pump inhibition and calcium overload occur, oxidant stress does not cause nonspecific membrane damage and changes in the passive resistance of the lipid bilayer. The inhibition of Na+-K+ pump activity by oxidant stress may contribute to ischemia/ reperfusion injury and reperfusion-induced cellular calcium overload. (Circulation Research 1993;72:91-101) KEY WORDS * free radicals * oxidant stress * heart * Na+-K' pump * voltage clampreperfusion arrhythmias * 
The cellular mechanisms underlying reperfusion-induced injury, cellular calcium overload, and arrhyth-mias. In isolated ventricular muscles, oxidant stress was shown to induce a transient inotropy, oscillations in membrane potential, automaticity, and eventually complete contracture. 13 In isolated ventricular myocytes, these oscillations in membrane potential were shown to reflect an oscillatory transient inward current carried primarily by electrogenic Na+-Ca'+ exchange. '4 All of these observations are consistent with the suggestion that oxidant stress induces cellular calcium overload. 10, 15 A number of cellular mechanisms have been suggested to be responsible for the oxidant stress-induced cellular calcium overload. These include enhanced calcium influx through voltage-gated calcium channels,16 release from intracellular calcium stores,17 damage to mechanisms responsible for cellular calcium efflux, 18 and nonspecific lipid peroxidation, membrane disruption, and loss of membrane integrity. 19 However, the similarity of the transient inward currents and arrhythmias to those induced by digitalis toxicity led us to consider the possibility that oxidant stress might exert its primary effect by inhibiting the Na+-K+ pump. It is now well established that oxidant stress can influence the activity of Na+ ,K+-ATPase in vitro. Studies of Na ,K+-ATPase activity in partially purified kidney cell membranes20 and in cardiac sarcolemmal vesicles2122 have demonstrated that Na+,K+-ATPase activity is extremely sensitive to oxidant stress and free radicalgenerating systems. In addition, Kim and Akera23 have demonstrated that ischemia and reperfusion can inhibit Na+,K+-ATPase activity and that this inhibition can be prevented by pretreatment with anti-free radical interventions. Therefore, it seems possible that oxidant stress may damage or modify the activity of the sarcolemmal Na+-K+ pump, leading to a rise in intracellular sodium and an enhanced cellular calcium uptake via Na+-Ca21 exchange.
The objective of the studies described here was to investigate the influence of oxidant stress on the Na+-K+ pump current measured in isolated ventricular myocytes using the whole-cell voltage-clamp technique. By using such a technique, information concerning the influence of oxidant stress on the voltage dependence of the Na+-K+ pump current can be obtained that is not available in studies of enzyme activity. The studies described here fall into two parts: 1) the establishment, characterization, and validation of the necessary technique for the measurement of the Na+-K+ pump current and 2) an investigation of the effects of oxidant stress on the Na+-K+ pump current.
Materials and Methods

Cell Isolation
Ventricular cells were obtained from hearts of New Zealand White rabbits (1.5-2.0 kg body weight) using an enzymatic dissociation procedure similar to that described by Powell and Twist. 24 The full details of the cell isolation procedure used in these studies have been recently described. 14 
Recording Arrangements
Na+-K+ pump currents were recorded in isolated ventricular myocytes using the whole-cell voltage-clamp technique originally described by Hamill et al. 25 The previously described.14 Briefly, patch electrodes were made from glass capillaries (1.5 mm o.d., 1 7.4 . The calcium inward current was prevented by using a calcium-free Tyrode's solution, and the possibility of a barium current through the voltage-gated calcium channel was prevented by the inclusion of 2 mM NiCl2 (in unpublished experiments we have shown that this concentration of NiCl2 completely blocks L-type calcium current). The sodium current through voltagegated channels was prevented by choosing an appropriate voltage protocol, and potassium currents were blocked by replacing intracellular (pipette) potassium with cesium (100 mM) and TEA and including barium in the external solution. Na+-Ca2' exchange current was inhibited by including 2 mM NiCl2 in the Tyrode's solution27 and 10 mM EGTA in the pipette solution. Under these conditions, currents elicited by voltage steps were small and largely time independent, indicating that channel currents were depressed.
In experiments in which the sodium concentration of the pipette filling solution was varied, NaCl was not included in the pipette solution, and the sodium content was adjusted by the addition of NaOH. The total monovalent cation content was kept constant by replacement with CsOH such that Na+ +Cs+ = 130 mM. In these experiments, the pipette chloride concentration was therefore constant but lower than that in the other experiments described in this article. In experiments using potassium-free Tyrode's solution, no correction was made for the decrease of extracellular cation conrecording arrangement used in these studies was as centration. Ouabain was obtained from Sigma Biochem-icals Ltd. and was made from a 10-mM aqueous stock solution before adding to Tyrode's solutions to give a final concentration of 100 4ttM. In experiments using digitonin, a 5-mM stock solution made in dimethyl sulfoxide was added to Tyrode's solution (final concentration, 10 gM).
Voltage Protocols
Na+-K+ pump current was measured either as a constant holding current (at a holding potential of -40 mV) or during ramp or square-pulse protocols. To obtain the relation between membrane potential and Na+-K+ pump current, a voltage-ramp protocol was used. The voltage protocol is shown in Figure 1A and was sufficiently slow (18 mV/sec) to give essentially a quasi-steady-state current-voltage (I-V) relation. A negative ramp (from +50 to -120 mV) was used to prevent activating the voltage-gated sodium channel.
To validate this voltage-ramp protocol and to show that this approach provides an accurate reflection of the true steady-state I-V relation, a number of preliminary experiments are described in which measurements were obtained using a square-pulse protocol. I-V relations obtained under steady-state conditions, however, take a number of minutes to complete, whereas the voltageramp protocol generates a quasi-steady-state I-V relation in seconds. The ramp-pulse protocol is therefore of particular value in these studies because the oxidant stress-induced changes in cell function have been shown to progress with time. 13, 14 Generation of Reactive Oxygen Species
Reactive oxygen intermediates were generated by the photoactivation of rose bengal. In aqueous solution, rose bengal can be elevated to its triplet state by illumination (at 500-600 nm). In the presence of dissolved oxygen, the decay of the rose bengal triplet generates singlet oxygen (75% of decays) and superoxide (20% of decays). 28 Rose bengal was added as a powder to deionized water to make a 0. 25 Figure 1A . The current tracings associated with the descending phase of this ramp protocol, recorded under a number of conditions, are shown in Figure 1B . In the presence of the standard pipette and Tyrode's solutions described above, an I-V relation was obtained that consisted of two components: 1) the Na+-K+ pump current (Ip) and
2) the remaining current due to the passive membrane resistance and any residual membrane conductances.
This latter current is revealed in Figure lB when the Na+-K+ pump current was inhibited either by the re- Ccei, was estimated using a voltage-ramp protocol similar to the one used for Na+-K+ pump current measurements according to the method described by Ehara et al.27 The membrane was held at -40 mV, and then a ramp to +50 mV was applied at 0.45 V/sec. This was then changed to a negative ramp (also at 0.45 V/sec), and the cell hyperpolarized to -120 mV before returning to the holding potential at 0.45 V/sec. The rapid current deflection (AI) observed on switching from the negative ramp to a positive ramp was measured, and Ccei was estimated from the following equation: Cce=AI/(2xdV/dt). Cell surface area was then estimated by assuming a specific membrane capacitance of 1.0 gF/cm2. moval of K'0 or by the addition of ouabain (100 ,uM). The I-V relation recorded under these conditions (in the absence of significant electrogenic channels, exchangers, and pumps) is relatively linear and passes through the axis intercept, as might be expected if this resistance (Rsum) reflects the sum of the parallel resistances due to the pipette seal resistance (Rseal) and the ohmic resistance of the lipid bilayer of the whole cell (Rcell); i.e., 1/Rsum=1/Rce1+ 1/Rseal. In the experiment shown in Figure 1 , Rsum was 2.1 GQ1, and total cell capacitance was 120 pF. When a specific membrane capacitance of 1.0 ,uF/cm2 is assumed, the surface area of the cell shown in Figure 1 can be estimated to be 1.20x 10`cm2, and the normalized whole-cell resistance (Rm) can be estimated to be approximately 252 kflQ-cm2.* The passive electrical properties and estimated cell surface area of 15 isolated rabbit ventricular myocytes are summarized in Table 1 .
In most cells the passive I-V relation showed some slight nonlinearity around the middle of the voltage range. Such nonlinearities would be expected in lipid bilayers exposed to hydrophobic ions.29 However, it is also possible that some unidentified time-independent background conductance may contaminate the passive membrane current and contribute to this nonlinearity in the passive membrane I-V relation. One possible candidate for such a contaminant current in the middle of the voltage range could be a sodium window current, *Estimates of Rm were made to provide an index of passive electrical properties of the lipid bilayer. This was estimated by fitting the best straight line through the I-V relation recorded in the potassium-free Tyrode's solution (i.e., the absence of all channels, exchangers, or pumps) over the range of voltages from -100 to +50 mV. The calculation of Rm assumes that Rs,a, is between one and two orders of magnitude larger than R,ell and that 1/Rsum=l/Rmeil+l/Rseai. Since, in these experiments, Rseal was between 10 and 100 Gfl, the measured resistance Rsum (which was of the order of 1.0 GQ) must therefore be dominated by Rce,,. In addition, in these experiments, series resistance was not corrected, although with the small currents recorded under these conditions the voltage error is likely to be small (<1%). However, because of these assumptions, the estimates of Rm in the text and in Table 1 are only approximate and will include an inherent error of 1-10% that is mainly due to the fraction of Rsum that reflects R,,,.
but this current would be expected to influence equally both the total current recording and that obtained during potassium-free perfusion. The sodium window current, however, has been shown to be enhanced by oxidant stress30; therefore, it was important to confirm that this current did not contaminate these recordings. To investigate this possibility, we repeated these experiments in the presence of tetrodotoxin. Tetrodotoxin (30 jgM) did not affect either the Na+-K' pump current, the passive membrane resistance, or the nonlinearity described in this study (not shown). Another possible candidate for a contaminant current could be a calcium window current. However, the presence of 2 mM NiCl2 in the superfusate was sufficient to completely block the L-type calcium current (authors' unpublished observations). We have previously described changes in background potassium currents induced by oxidant stress.31 These changes are unlikely to contaminate the Na+-K+ pump currents measured in this study, because both the inward rectifier (IK1) and the delayed rectifier (IK) should be blocked by the replacement of internal potassium with cesium and TEA and the inclusion of barium and cesium in the modified Tyrode's solution. The origin of the nonlinearity in the passive membrane resistance I-V relation described here and in other studies2632 is therefore unknown. However, since the passive membrane current was unaffected by the interventions described in the studies reported here and was subtracted from active currents to give Ip, then the measurements of Ip should be unaffected by any residual contaminating current.
The exact similarity between the passive currents recorded in the absence of external potassium and those recorded in the presence of ouabain (100 ,gM) would imply that both interventions were equally potent in blocking Ip. Therefore, we have defined the Ip as the K+o-sensitive fraction of the total current recorded. This definition (rather than the ouabain-sensitive fraction) is experimentally more convenient, because the use of ouabain to block Ip was more difficult to reverse than exposure to potassium-free Tyrode's solution. The similarity between the currents recorded in potassium-free medium containing 2 mM cesium and that recorded in 100 ,uM ouabain suggests that the cesium sensitivity of the Na+-K+ pump may be less in rabbit myocytes than that reported for Purkinje fiber cardioballs. 33 In a number of subsequent unpublished experiments, we have observed that this concentration of cesium activates a detectable current (approximately 5% of that in 5 mM potassium) in only two of six observations in rabbit ventricular myocytes. Similarly, in guinea pig ventricular myocytes, Gadsby et a126 have observed no strophanthidin-sensitive current in potassium-free cesium-containing (1 mM) solution. Figure 1C shows the K',-sensitive fractions of the currents shown in Figure 1B recorded under control conditions and in the presence of ouabain (100 ,iM). The current recordings shown in Figure 1C The use of the voltage-ramp protocol is essential to obtain the quasi-steady state I-V relations described later in this article after exposure to oxidant stress. However, it is important to demonstrate that the voltage-ramp protocol is sufficiently slow to genuinely reflect the steady-state situation. Therefore, a number of experiments were undertaken to demonstrate the suitability of this protocol. In these experiments, the currents recorded using a steady-state square-pulse protocol have been compared with currents recorded using the voltage-ramp protocol. Figure 2A shows changes in holding current recorded on a slow time base. The rapid deflections from the tracing represent changes in current in response to either step changes in holding potential or in response to voltage-ramp protocols. The extracellular potassium concentration was initially 5 mM, and the holding current (at -40 mV) was approximately + 140 pA. The cell was then exposed to potassium-free Tyrode's solution at the point indicated on the upper tracing, and the holding current was immediately reduced to approximately -25 pA as the Na+-K+ pump was inhibited. The cell was then returned to Tyrode's solution containing potassium (5 mM) and ouabain (100 ,M). The readmission of potassium resulted in a transient reactivation of the Na+-K+ pump, which was then rapidly inhibited by ouabain. The voltage was stepped from the holding potential of -40 mV to -110, -70, -30, +10, and +50 mV in a series of steps at the points marked a, b, and c in Figure 2A , and the associated currents are shown on a faster time base in Figure 2B . Figure 2C shows the K+o-sensitive fraction of these currents (i.e., tracing a minus tracing b) and the ouabain-sensitive fraction (tracing a minus tracing c).
The quasi-steady-state I-V relations obtained during the voltage-ramp protocols shown in Figure 2A during the initial potassium-containing and subsequent potassium-free perfusion are shown expanded in Figure 3A and plotted as a function of voltage. The steady-state magnitude of the current measured at the end of the clamp steps in Figure 2B is plotted on the same currentvoltage axes. It is clear from Figure 3A derived from the steady-state measurements during the square-pulse voltage protocol are exactly superimposed on the current tracings obtained using the voltage-ramp protocol. This confirms that the voltage-ramp protocol provides essentially an I-V relation identical to that obtained under steady-state conditions. Figure 3B shows the K',-sensitive fraction of the currents tracings shown in Figure 3A plotted on the same axes as the magnitude of the K+,-sensitive fraction of the steadystate current shown in Figure 2C .
It is possible that the formulation of the pipette and modified Tyrode's solutions used in these studies could lead to contamination of the pump current recordings with a barium window current through the voltageactivated calcium channel. It is clear from Figure 2B , however, that no inward barium currents were observed on stepping the membrane voltage from -40 to + 10 mV (a protocol that should reveal such a contaminating inward current).
Activation of Na+-K+ pump current by intracellular sodium and extracellular potassium. The relation between the intracellular sodium concentration and Ip was established by dialyzing different cells with different pipette solutions containing a range of sodium concentrations between 5 and 50 mM. The K',-sensitive pump current was measured at 0 mV and was expressed as a percentage of the maximally activated current normalized for cell surface area ( Figure 4A ). The relation between Ip and intracellular sodium was sigmoidal, and Ip was half-maximally activated at a sodium concentration of 18.7 mM. This value is slightly higher than that of 10 mM recently reported by Nakao and Gadsby32 for Ip recorded in guinea pig ventricular myocytes. This difference may reflect the relatively high access resistance of the pipettes used in our study (1) (2) and the consequent decrease in the efficiency of intracellular dialysis compared with those used by Nakao and Gadsby (<1 MfQ).
The relation between K', and Ip was obtained by superfusing cells with a range of potassium concentrations from 0 to 10 mM and is shown in Figure 4B . The concentration of potassium necessary to half-maximally activate Ip was 1.88 mM. This compares with previously published values of 1.9 mM in chick cardiac myocytes34 and 1.5 mM in guinea pig ventricular myocytes. 32 The experiments described thus far were designed to validate and characterize the experimental techniques used. The results suggest that the voltage-ramp protocol described provides an accurate reflection of the steadystate I-V relation. In addition, the sensitivity of lp measured in this way to membrane potential, ouabain, extracellular potassium, and intracellular sodium and the similarity of these observations to previous studies26,3234 validate this experimental approach. Therefore, we have used these techniques to investigate the influence of oxidant stress on Na+-K+ pump current.
Influence of Oxidant Stress on Na+-K4 Pump Current Figure 5A shows the influence of exposure to oxidant stress on holding current recorded in an isolated ventricular myocyte. Oxidant stress was induced by exposing the cell to rose bengal at the point marked on the tracing (during maintained illumination). The cell was exposed to potassium-free Tyrode's solution at the points marked a and c, and the rapid deflections represent points at which quasi-steady-state I-V relations were obtained using the voltage-ramp protocol.
The readmission of potassium after the potassiumfree period (marked a in Figure 5A ) resulted in an overshoot of pump current that presumably reflects the reactivation of the Na+-K+ pump in the presence of an elevated intracellular sodium concentration. This implies that, despite using low-resistance pipettes, the cell may not have been efficiently dialyzed. Thus, under control conditions, the intracellular sodium concentra-B. Figure 5A ). This may mean that the activation of the pump by pipette sodium shown in Figure 4 may be shifted to the right of its correct position (i.e., the apparent halfmaximal sodium concentration of 18.7 mM is likely to be an overestimate).
In the presence of oxidant stress, a gradual decline in holding current was observed ( Figure SA) , although the passive membrane current recorded during potassiumfree superfusion was unaffected by exposure to photoactivated rose bengal. Since the holding current recorded during potassium-free superfusion was unaffected by oxidant stress, the decline in holding current must reflect a decline in the Na+-K+ pump current. The overshoot of current observed on the reactivation of the pump after potassium-free exposure (due to the elevation of intracellular sodium during the preceding period of pump inhibition) was reduced to 70% of that seen under control conditions, again reflecting a decline in the stimulated Na+-K+ pump current.
Figure 5B shows the time course of decline in holding current in six different cells exposed to rose bengalinduced oxidant stress. The data shown in Figure 5B were fit with a single exponential curve that was asymptotal to -2.45% (i.e., to essentially zero), suggesting that the entire Na+-K+ pump current is oxidant stress sensitive. The half time of decline of the Na+-K+ pump current during oxidant stress was estimated to be 10.3 minutes. Figure 6A shows the I-V relations obtained at the points marked a, b, c, and d in Figure 5A . Oxidant stress induced by rose bengal inhibited Na+-K+ pump current at all voltages. It is important to note that the passive membrane resistance in potassium-free Tyrode's solution (in the absence of channels, pumps, and exchangers) was completely unaffected by oxidant stress. Figure   6B shows the I-V relation of the K+o-sensitive Na+-K+ pump current (Ip) under control conditions and after approximately 8 minutes of exposure to rose bengalinduced oxidant stress. In the example shown in Figure   6B , Ip was reduced by 43% at 0 mV and by 30% at -80 mV. The inhibition of Ip by oxidant stress was progressive and was not reversed by the removal of rose bengal.
In a total of six cells, Ip at 0 mV was 0.95±0.1 gA/gF and was reduced to 0.43 +0.06 ,uA/,uF at 0 mV (p<0.05) after 8-10 minutes of exposure to oxidant stress.
To study the influence of oxidant stress on the voltage dependence of the Na+-K+ pump current, I-V relations from six cells before and after exposure to oxidant stress were normalized to the current recorded at +40 mV A. Duration of oxidant stress (min) ( Figure 7 ). From Figure 7 , it is clear that oxidant stress does not profoundly affect the shape of the I-V relation but depresses pump current at all potentials. However, A. B. a slight deviation in the pump current was observed at approximately -50 mV such that the normalized currents cross at this point. This deviation appeared to be predominantly due to changes in the K',-sensitive fraction of the pump current and not due to changes in the passive membrane resistance (see Figure 6 ). Although this oxidant stress-induced deviation of the sodium pump I-V relation was seen in all cells studied, this inflection did not lead to any statistically significant differences in normalized pump current at any given voltage between the control and oxidant stress-treated cells. This inflection may, or may not, reflect a real oxidant stress-induced change; however, it is clear that oxidant stress did not profoundly affect the shape of the sodium pump I-V relation. Thus, we conclude that oxidant stress does not appear to affect the stoichiometry of the Na+-K+ exchange process but simply reduces the activity of the pump. From Figure 6 , it is clear that oxidant stress does not affect the passive membrane properties (recorded in potassium-free Tyrode's solution). Several lipid peroxidation and a nonspecific increase in membrane permeability.'9'37 Although it is clear that oxidant stress and lipid peroxidation lead eventually to the destruction of biological membranes, the results presented here would argue against a nonspecific increase in membrane "leakiness" as the initial cause of cellular calcium overload. Such a nonspecific increase in membrane permeability would be expected to alter passive membrane resistance, and at a time when the cells showed evidence of profound cellular calcium overload, there was no change in passive membrane resistance.
It is important to demonstrate that had oxidant stress caused a nonspecific increase in membrane permeability, then the techniques used would have revealed significant changes in membrane resistance. One of the potential targets for singlet oxygen-induced peroxidation in the lipid bilayer is the cholesterol molecule.3738 Figure 8 shows an experiment in which membrane disruption was deliberately induced by the precipitation of membrane cholesterol with digitonin (10 ,uM) . It is clear that, when the permeability of the sarcolemma was increased with digitonin the changes in conductance were extremely large. In Figure 8 , Rm was 244 kQ * cm' under control conditions, and this was progressively decreased by digitonin to 54 kfl * cm' after 1 minute, 13 kl * cm' after 2 minutes, and 7 kQ cm2 after 3 minutes (see footnote on page 1658). It is clear that such an intervention is also likely to destroy the seal between the pipette and the cell surface. However, these observations are included simply to place in context the important observation that oxidant stress does not affect passive membrane properties, as might be expected if lipid peroxidation led to a nonspecific increase in membrane permeability.
Discussion
In this study, we have demonstrated that oxidant stress inhibits the Na+-K+ pump current in a timedependent manner. We have previously shown that myocytes exposed to oxidant stress show evidence of resistance. Current-voltage relations were recorded in cells in which all major electrogenic ion channels, ion pumps, and exchangers were inhibited. The pipette and Tyrode's solutions were those used for the Na+-K' pump measurements, and the Na+-K+ pump current was inhibited by reducing extracellular potassium to zero. Voltage-ramp protocols were imposed under control conditions and 1, 2, and 3 minutes after exposure to digitonin (10 gM). The whole-cell capacitance was estimated, and normalized whole-cell resistance was calculated and normalized to cell surface area (assuming a specific membrane capacitance of 1 pF/cm2). Normalized whole-cell resistance was 244, 54, 13, and 7 kfQ cm2 under control conditions and after 1, 2, and 3 minutes of exposure to digitonin, respectively. cellular calcium overload and that this calcium overload occurs over a similar time course to the inhibition of Na+-K+ pump activity reported here. '3,14 In the present study, we provide evidence that this cellular calcium influx does not result from nonspecific membrane disruption and changes in passive membrane permeability. We have described and validated the use of a voltageramp protocol for deriving I-V relations for the Na+-K+ pump current and characterized the Na+-K+ pump current recorded in isolated rabbit ventricular myocytes. In addition, it is clear that the inhibition of the Na+-K+ pump current by oxidant stress does not influence the overall voltage dependence of the pump current. The reduction in pump current was, in these experiments, proportionally similar at all voltages studied, suggesting either a generalized slowing of pump rate or a reduction in the number of operative pump sites.
Several studies have previously shown that the activity of the isolated Na+,K+-ATPase enzyme is sensitive to oxidant stress, but the molecular basis of this inhibition has yet to be elucidated. Xie et al2 reported that the reduction in enzyme activity precedes any significant loss in cellular ATP or any decrease in cell viability (assessed as the ability to exclude trypan blue). Sun39 and Kramer et a140 related this loss of NaX,K+-ATPase activity to changes in the lipid environment surrounding the pump molecule. The observation that exposure to H202, in addition to reducing Na+,K+-ATPase activity, also reduced ouabain binding might also suggest a direct effect of free radicals on the pump protein. In this regard, it is interesting to note that the ,B-subunit of the * | li Na X,K-ATPase molecule contains a sulfhydryl group on the extracellular face that has been shown to be essential for the catalytic activity of the protein. 41 The oxidation of sulfhydryl groups and the formation of disulfide bonds on ion translocating proteins have been suggested to be critical components of ischemia/reperfusion injury. 42 The observation that oxidant stress inhibits Na+-K+ pump current and our recent preliminary study showing that oxidant stress-induced cellular calcium overload requires an intact transsarcolemmal sodium gradient43 would suggest that this cellular calcium overload may involve perturbation of Na+-Ca'+ exchange. Inhibition of the Na+-K+ pump current is likely to result in an accumulation of intracellular sodium. In the studies reported here, the Na+-Ca2' exchange mechanism was inhibited by including 2 Therefore, we would suggest that Na+-K+ pump inhibition may lead to an accumulation of intracellular sodium, activation of the Na4-Ca2' exchange, and cellular calcium overload. This mechanism of cellular calcium overload is likely to be facilitated by two other effects of oxidant stress. Reeves et a145 have shown that oxidant stress can profoundly and directly stimulate or disinhibit the Na4-Ca'+ exchange mechanism. In addition, oxidant stress has been shown to prolong action potential duration over the same time course as used in these studies.14'46'47 The combination of an inhibition of the Na4-K' pump, the disinhibition of the Na4-Ca '4 exchange, and the prolongation of the action potential are all likely to create a situation that will lead to a profound cellular calcium overload. It is important to note that in these studies changes in pump current preceded any changes in passive membrane resistance. This suggests that oxidant stress-induced cellular calcium overload is not mediated by an increase in nonspecific membrane permeability. This is in agreement with the observations made by Bhatnagar et al,30 who demonstrated no changes in potassium conductance or in their ability to form gigaohm seals in isolated frog myocytes exposed to the free radical generator tert-butyl
The observation that oxidant stress can inhibit Na+-K+ pump function and induce calcium overload without increasing passive membrane conductance would suggest that significant lipid peroxidation does not occur. This is in agreement with the studies of Reeves et al,45 who demonstrated Na4-Ca2' exchange modulation without evidence of significant lipid damage. Severe oxidant stress such as that imposed in these studies is, however, likely to oxidize intracellular glutathione and alter cellular metabolism.12 '30 In the studies presented here, it is possible that changes in cellular redox state or cellular metabolism may be the initiating factor in the inhibition of the Na4-K+ pump by oxidant stress. It seems unlikely, however, that ATP was reduced in these cells, because they were dialyzed with pipette solutions containing 5 mM ATP and 5 mM creatine phosphate and because no evidence of the activation of the ATP-sensitive potassium channel was seen during voltage-ramp protocols. Similarly, it is possible that oxidant stress might indirectly inhibit the Na+-K+ pump by altering membrane ionic gradients, particularly given the likely inadequacy of intracellular dialysis discussed earlier; however, a fall in Na+i and a consequent inhibition of pump function seems rather unlikely.
Recent studies of ischemia and reperfusion have shown that the sodium gradient at the time of reperfusion is an important determinant of functional recovery48'49 and the incidence of reoxygenation-induced electrical disturbance.50 Oxidant stress-induced damage to the Na+-K+ pump is thus likely to exacerbate ischemia/ reperfusion damage and to delay the recovery of cell function. However, it is important to note that although inhibition of Na+-K+ pump function by oxidant stress may have implications for recovery of function during reperfusion, the genesis of reperfusion arrhythmias is extremely rapid (within 1-2 seconds). Thus, Na+-K+ pump inhibition is not likely to be the sole progenitor of reperfusion-induced electrical disturbance.
In conclusion, it is clear that oxidant stress leads to a time-dependent reduction in Na+-K+ pump current in isolated myocytes. The oxidant stress-induced reduction in pump current occurs without any change in the overall voltage dependence of the current and without any increase in nonspecific membrane permeability (as assessed by membrane resistance). Similar changes in pump current may occur during oxidant stress generated during early reperfusion of the myocardium after ischemia and may thus contribute to ischemia/reperfusion-induced contractile dysfunction and arrhythmias.
